In this study, a grazing-incidence X-ray scattering (GIXS) formula was derived for gyroid structures formed in thin films supported on substrates. Twodimensional GIXS patterns were measured for gyroid structures formed in polystyrene-b-polyisoprene (PS-b-PI) diblock copolymer nanometre-scale thin films supported on silicon substrates, and a quantitative analysis of the obtained two-dimensional GIXS data was conducted with the scattering formula. This analysis provided details (lattice parameter, width of the PS phase, positional distortion factor, orientation and orientation distribution) of the gyroid structures developed in the diblock copolymer thin films that are not easily obtained using conventional techniques. Moreover, it was possible to simulate complete and detailed two-dimensional GIXS patterns with the determined structure parameters. research papers J. Appl. Cryst. (2007). 40, 950-958 Sangwoo Jin et al. Gyroid structures in thin films 951
Introduction
Block copolymers consist of covalently linked immiscible blocks and have been found to undergo phase separation, resulting in various morphologies such as spherical, cylindrical, gyroid, hexagonally perforated layers and lamellar structures, depending on their block volume ratios (Leibler, 1980; Matsen & Schick, 1994; Hashimoto, 2001; Lodge et al., 2002) . The formation of such structures, which are usually characterized with transmission small-angle X-ray scattering (TSAXS) and transmission electron microscopy (TEM), can be explained in terms of the interaction energies of the block components, the variation of the entropy with the molecular weight and the block volume ratios (Leibler, 1980; Matsen & Schick, 1994; Hashimoto, 2001; Lodge et al., 2002) . Thin films of block copolymers with such morphological structures have recently received considerable attention because of their potential nanofabrication applications (Henkee et al., 1988; Anastasiadis et al., 1989; Mansky et al., 1995; Radzilowski et al., 1996) . In these applications, controlling the morphology of the block copolymer films, particularly the orientation and ordering of the phase-separated microdomains, is essential. In the thin-film state, surface-block interactions and the confinement effect related to film thickness give rise to morphologies that differ from those in the bulk (Henkee et al., 1988; Anastasiadis et al., 1989; Mansky et al., 1995; Radzilowski et al., 1996; Green & Limary, 2001; Elbs et al., 2002; Lyakhova et al., 2006) .
In particular, gyroid structures have received significant attention because of the interesting bicontinuous phase order often observed in various block copolymers and also in amphiphilic molecule systems (Hasegawa et al., 1987; Fö rster et al., 1994; Hajduk et al., 1994; Caffery & Cheng, 1995; Schulz et al., 1996; Vigild et al., 1998; Chan et al., 1999; Franchon et al., 2000; Suzuki et al., 2000; Squires et al., 2002) . Gyroid structures have recently been produced in thin films of block copolymers and their composites, and attempts have been made to determine in detail their structural parameters and orientation by using various analytical techniques such as TEM, scanning electron microscopy (SEM), atomic force microscopy (AFM) and grazing-incidence X-ray scattering (GIXS) (Hayward et al., 2004; Park, 2005; Park et al., 2005; Urade et al., 2007) . TEM analysis has been demonstrated to be powerful for characterizing such gyroid structures in thin films, but this method is a destructive technique and can only be used to characterize local structures. The SEM and AFM methods have been found to provide information about only local structures near the surface. Conventional TSAXS analysis has been used but found to be feasible only with an X-ray beam of high intensity and high energy. In contrast, the GIXS technique has been demonstrated to be a very powerful tool for characterizing thin-film structures nondestructively. However, previous GIXS data analyses of gyroid structures in thin films have only been carried out qualitatively and provided only limited structural information. Indeed, the quantitative comprehensive analysis of the GIXS patterns from such gyroid structures in thin films to determine structure and orientation details remains a challenge.
In this study, we developed a GIXS formula for the quantitative analysis of gyroid structures formed in thin films, and used it to characterize the two-dimensional GIXS patterns produced by gyroid structures in nanometre-scale thin films of polystyrene-b-polyisoprene (PS-b-PI) diblock copolymer composed of 68.0 vol.% PS and 32.0 vol.% PI blocks. We fabricated gyroid structures in the thin PS-b-PI films by spincoating a solution of the block copolymer onto silicon substrates followed by subsequent drying and annealing, and then carried out synchrotron GIXS measurements on the films. The two-dimensional GIXS measurements and quantitative data analysis using the derived GIXS formula were used to provide the comprehensive structure and orientation details of the gyroid structures formed in the thin films of the block copolymer, which cannot be obtained with conventional scattering and microscopic methods.
Experimental
The PS-b-PI diblock copolymer used in our study was synthesized by anionic polymerization (Kwon et al., 1999; Lee et al., 2001) , and the composition and molecular weight were characterized. The average molecular weight and polydispersity index were determined to be 23500 g mol À1 and 1.05, respectively, by size exclusion chromatography (Polymer Lab) calibrated with polystyrene standards. The chemical composition was determined using a 1 H NMR spectrometer (Bruker, .
The silicon wafer substrate was cleaned by treating with piranha solution [concentrated H 2 SO 4 /30% H 2 O 2 = 3/1 (v/v)] for 1 h and then washed with deionized water. The diblock copolymer was dissolved in toluene at a concentration in the range 5À20 wt%, and this solution was then spin-coated onto a silicon wafer at 2000 r.p.m. The copolymer films were dried at room temperature in vacuum for 12 h in order to remove the residual solvent completely. The copolymer films were then annealed in a vacuum oven at 433 K for 1 d. The obtained films were measured to have a thickness of 650 nm by spectroscopic ellipsometry.
GIXS measurements (Fig. 1) were carried out at the 4C1 and 4C2 beamlines (Bolze et al., 2002; Yu et al., 2005) at the Pohang Accelerator Laboratory (Ree & Ko, 2005) . A monochromated X-ray radiation source of 8.05 keV (wavelength 0.154 nm) and a two-dimensional CCD detector (Roper Scientific, Trenton, NJ, USA) were used. The sample-todetector distance was 2500 mm. A set of aluminium foil strips was employed as semi-transparent beam stops because the intensity of the specular reflection from the substrate is much stronger than the intensity of GIXS near the critical angle. Samples were mounted on a homemade z-axis goniometer equipped with a vacuum chamber. The incidence angle i of each X-ray beam was set in the range 0.20À0.22 , which is intermediate between the critical angles of the copolymer films and the silicon substrate ( c,f and c,s ). Scattering angles were corrected by the positions of X-ray beams reflected from the silicon substrate interface with changing incidence angle i and by a pre-calibrated polystyrene-b-polyethylene-b-polybutadiene-b-polystyrene block copolymer. Data were typically collected for 100 s.
Results and discussion
GIXS measurements were carried out at i = 0.21 for thin films of the PS-b-PI diblock copolymer, which were prepared on silicon substrates and then annealed at 433 K for 1 d in vacuo. A representative two-dimensional GIXS pattern is shown in Fig. 2 . This measured two-dimensional GIXS pattern contains a number of diffraction spots of a type commonly observed for gyroid structures, indicating that a gyroid structure is present in the block copolymer thin film. These diffraction spots are composed of two different sets of diffractions originating from the reflected and transmitted X-ray beams, as reported previously . The diffraction spots due to the reflected X-ray beam (which are marked R) appear in the relatively high scattering-angle region around the centre of the reflected beam, whereas those Geometry of GIXS: i is the incident angle at which the X-ray beam impinges on the film surface; f and 2 f are the exit angles of the X-ray beam with respect to the film surface and to the plane of incidence, respectively; and q x , q y and q z are the components of the scattering vector q.
Figure 2
Two-dimensional GIXS patterns measured at i = 0.21 for a PS-b-PI thin film deposited on a silicon substrate. R and T indicate the scattering spots generated by the reflected and transmitted X-ray beams, respectively. c,f and c,s are the critical angles of the film and substrate, respectively. due to the transmitted X-ray beam (which are marked T) appear in the relatively low scattering-angle region around the centre of the transmitted X-ray beam (Fig. 2) . The indexing of the diffraction spots was carried out according to the qualitative analysis results reported previously . The lattice parameter a G of the gyroid structure was determined to be 58.7 nm from the 2 f value of the assigned (20 " 2 2) peaks, which is not distorted by the refraction effect, by using a G ¼ 4 Â 2 1=2 =q jj;ð20 " 2 2Þ . The d spacing of the first-order peak of the {121} plane was estimated to be 23.9 nm. Furthermore, the {121} plane of the gyroid structures in the film was found to be preferentially oriented parallel to the film plane.
We have attempted to analyse quantitatively the measured two-dimensional GIXS pattern as follows. The intensity of GIXS (I GIXS ) from gyroid structures in a thin film can be expressed by the scattering formula derived recently :
where Im(q z ) = |Im(k z,f )| + |Im(k z,i )|, Re(x) is the real part of x, d is the film thickness, R i and T i are the reflected and transmitted amplitudes of the incoming X-ray beam, respectively, and R f and T f are the reflected and transmitted amplitudes of the outgoing X-ray beam, respectively. In addition, q jj = ðq 2 x þ q 2 y Þ 1=2 , q 1,z = k z,f À k z,i , q 2,z = Àk z,f Àk z,i , q 3,z = k z,f + k z,i and q 4,z = Àk z,f + k z,i ; here, k z,i is the z component of the wavevector of the incoming X-ray beam, which is given by k i ¼ k o ðn 2 R À cos 2 i Þ 1=2 , and k z,f is the z component of the wavevector of the outgoing X-ray beam, which is given by
, is the wavelength of the X-ray beam, n R is the refractive index of the film given by n R = 1 À + i with dispersion and absorption , i is the out-of-plane grazing-incident angle of the incoming X-ray beam, and f is the out-of-plane exit angle of the outgoing X-ray beam. q x , q y and q z are the components of the scattering vector q. I 1 is the scattering intensity of the structure in the film, which can be calculated kinematically.
In equation (1), I 1 is the scattered intensity from the gyroid structures in the film and thus can be expressed by the following equation (Pedersen, 1994; :
where P(q) is the form factor of the scatterers that describes the shape, size and orientations of the gyroid structures, and SðqÞ is the structure factor that provides information on the positions of the gyroid structures such as the crystal lattice parameters, orientation, dimension and symmetry in an ordered structure and the interdistance of the gyroid structures.
To analyse quantitatively the gyroid structures formed in the block copolymer thin films in our study, we have consid-ered possible models and, as a result, found that the paracrystal model (Hosemann & Bagchi, 1962) is most suitable for the gyroid structures formed in the block copolymer. In the present study, the paracrystalline system is considered to consist of infinite periodic minimal surfaces (IPMS), which are known as a good approach for the representation of gyroid structure (space group Ia " 3 3d) (Schoen, 1970; von Schnering & Nesper, 1991; Hajduk et al., 1994; Benedicto & O'Brien, 1997; Garstecki & Holyst, 2000; Harper & Gruner, 2000; Suzuki et al., 2000) and also for the representation of primitive (space group Im " 3 3m) (Schwarz, 1890; Benedicto & O'Brien, 1997; Garstecki & Holyst, 2000; Harper & Gruner, 2000) and diamond (space group Pn " 3 3m) (Schwarz, 1890; Benedicto & O'Brien, 1997; Garstecki & Holyst, 2000; Harper & Gruner, 2000) . The interfaces built around periodic minimal surfaces are a smooth curved surface. The IPMS, which are of zero mean curvature everywhere, locally flat and periodic in all three dimensions, can divide the space into two infinite unconnected but mutually interwoven periodic labyrinths. Various IPMS models have been constructed for the structure determination and analysis of other structures (von Schnering & Nesper, 1991; Schwarz & Gompper, 2001) . For the gyroid structure, the IPMS were correlated to the periodic zeropotential surfaces and then found to be expressed as an equation derived from the Fourier series expansion of the IPMS in the form h(xyz) = 0 (von Schnering & Nesper, 1991) :
where h(xyz) is expressed by a trigonometric function, which is given for the gyroid surface, and a G is the cubic lattice parameter. Using equation (3), IPMS can be generated for the gyroid structure (space group Ia " 3 3d) with a G = 58.7 nm determined above, as shown in Fig. 3 (a); in this figure, all points on the surfaces have less than or equal to zero potential. For the gyroid structure, the channel structure (PI minority component domains) of the constant-thickness model is further generated as shown in Fig. 3(b) .
In the two-dimensional GIXS analysis using equation (1), the above IPMS described with equation (3) can be used by the form factor of the gyroid structure, which is expressed by the following equation (Garstecki & Holyst, 2000) :
where s j is the surface area of the jth minimal surface (MS), r j is the position of the jth MS's centre, n j is a unit vector normal to the surface of the jth MS and L is the width of the PS phase. For a paracrystal model, the structure factor SðqÞ, which is also known as the interference function or lattice factor, can research papers be determined from the Fourier transform of a complete set of lattice points. In the paracrystal model with distortion of the second kind, its lattice points are no longer fixed at certain positions but instead are described by a positional distribution function. In the simple case where the autocorrelation function of a crystal lattice is given by the convolution product of the distributions of the lattice points along three axes and the distribution function is a Gaussian, SðqÞ can be expressed by the following equation:
Here a k is the k component of the fundamental vector a of the gyroid structure (Fig. 4) , which is defined as
where d is the d spacing of the {121} planes and b k is the k component of the unit vector b of the bicontinuous cubic cell, as shown in Fig. 4 . g 1 , g 2 and g 3 are the components of the paracrystal distortion factor g, defined by
where Áa k is the displacement of the vector a k . In this case, the isotropic displacement is assumed and the domain orientation is accounted for numerically. q 1 , q 2 and q 3 are the components of the scattering vector q, defined as
From equations (5)-(11) with the fundamental vectors, the structure factor SðqÞ can be determined by using various paracrystal distortion factors g, and also d-spacing values of the diffraction planes determined. Moreover, for a structure with a given orientation in a film, its fundamental vectors can be rotated and transformed by a rotation matrix. When the structure of the film is randomly oriented in the plane of the film but uniaxially oriented out of 
Figure 4
Perspective view of the cubic cell of a gyroid structure having lattice parameter a G = 58.7 nm and space group Ia " 3 3d. b is the unit vector of the bicontinuous cubic cell, which is defined by its components, b 1 , b 2 and b 3 , as shown in this figure; a is the fundamental vector, which is defined by its components, a 1 , a 2 and a 3 ; n is the vector of the gyroid orientation axis, which is parallel to the normal vector of the ð1 " 2 21Þ plane; ' is the polar angle between the n vector and the out-of-plane direction of the film. plane, the peak position vector q c of a certain reciprocallattice point c* in the sample reciprocal lattice is given by
where R is a 3 Â 3 matrix to decide the preferred orientation of the structure in the film, and q c,x , q c,y and q c,z are the x, y, z components of the peak position vector q c , respectively. Using equation (12), every peak position can be obtained. Because of cylindrical symmetry, the Debye-Scherrer ring composed of the in-plane randomly oriented c* cuts an Ewald sphere at two positions in its top hemisphere: q jj ¼ q c;jj AEðq 2 c;x þ q 2 c;y Þ 1=2 with q z ¼ q c;z . Thus diffraction patterns with cylindrical symmetry are easily calculated in the q space. It is then convenient to determine the preferred orientation of known structures and further to analyse anisotropic SAXS patterns. However, since q space is distorted in GIXS by refraction and reflection effects, the relation between the detector plane expressed as the Cartesian coordinate defined by two perpendicular axes (i.e. by the in-plane exit angle 2 f and the out-of-plane exit angle f ) and the reciprocal-lattice points is needed. The two wavevectors k z,i and k z,f are corrected for refraction as k i ¼ k o ðn 2 R À cos 2 i Þ 1=2 and k z;f ¼ k o ðn 2 R À cos 2 f Þ 1=2 , respectively. Therefore, the two sets of diffractions that result from the incoming and outgoing X-ray beams, denoted by q 1 and q 3 , respectively, are given at the exit angles by the following expression:
where q c;z =k o > ðn 2 R À cos 2 i Þ 1=2 . In equation (13), the positive sign denotes diffractions produced by the outgoing X-ray beam, and the negative sign denotes diffractions produced by the incoming X-ray beam. The in-plane incidence angle 2 i is usually zero, so the in-plane exit angle 2 f can be expressed as follows:
Therefore, diffraction spots detected on the detector plane in GIXS measurements can be directly compared with those derived using equations (12)-(14) from an appropriate model (for example, gyroid structure) and thus analysed in terms of the model. To obtain information on the orientation of the paracrystal lattice in the gyroid structure from GIXS data, the normal vector to the ð1 " 2 21Þ plane of the cubic cell of the gyroid structure can be defined by an orientation vector n with respect to the film plane, and the distribution of the orientation vector n is given by a function D('), where ' is the polar angle between the n vector [i.e. the normal vector of the ð1 " 2 21Þ plane] and the out-of-plane direction of the film (Fig. 4) ; for example, ' is zero when the n vector in the film is oriented normal to the film plane. To calculate the two-dimensional GIXS patterns, D(') should be represented by a numerical function. In relation to the distribution of the lattice orienta-tion, D(') can generally be considered as a Gaussian distribution:
where ' and ' are the mean angle and standard deviation of ' from ', respectively. The observed scattering intensity I GIXS,' (q) is obtained by averaging I GIXS (q) over possible orientations of the lattice:
Furthermore, the second-order orientation factor O s can be defined as follows (de Gennes & Prost, 1993) :
When D(') is strongly peaked around ' = 0 (i.e. vertical alignment), cos' = 1 and O s = 1. On the other hand, if the orientation is entirely random, hcos 2 'i = 1/3 and O s = 0. Thus, O s is a measure of the gyroid orientation. The above GIXS formula derived for gyroid structures in thin films was used in the analysis of the two-dimensional GIXS patterns for the PS-b-PI films. Figs. 5(a) and 5(b) show one-dimensional GIXS profiles, which were extracted with azimuthal angle along the scattering spots of the {121} plane and along those of the {220} plane in the two-dimensional GIXS pattern (Fig. 2) , respectively; these scattering spots were generated by the reflected X-ray beam. is defined with respect to a reference axis, the positive direction of the 2 f axis at f for the reflected X-ray beam ( f = 0.21 = i ), and then varies counterclockwise from the reference axis. As shown in Fig. 5 , the scattering profiles extracted for the {121} and {220} planes can be satisfactorily fitted with the GIXS formula derived above for gyroid structures in thin films. However, in the regions = 0À10 and 170À180 the measured and fitted scattering profiles of the {121} plane show some discrepancies in their intensities (Fig. 5a ). The high intensities at the regions of the measured scattering profile might be attributed to two factors, as follows. The portions of the scattering profile are located near and between c,f and c,s where intense scatterings generally occur as a result of the combination of a type of standing-wave phenomenon and total reflection at the interface between the film and the substrate , as often observed on specular X-ray reflectivity patterns (Oh et al., 2007; Bolze et al., 2001) . Furthermore, the portions of the scattering profile are located between the (211), ( " 2 2 " 1 11), ð112Þ and (1 " 1 1 " 2 2) reflections of the upper half and of the bottom half of the {121} plane (Fig. 2) . In contrast, these factors were not counted in the fitted scattering profile.
The one-dimensional GIXS data analysis results are summarized in Table 1 . As listed in Table 1 , the lattice parameter a G of the gyroid structures was determined to be 58.7 nm, and the mean width L of the PS phases was determined to be 14.5 nm, which is close to the value (14.0 nm) estimated from the volume fraction of the PI block (32.0 vol.%). The positional disorders of the paracrystal lattice in the gyroid structure along the a 1 and a 3 fundamental component vectors are small: g 1 = 0.03 and g 3 = 0.10 for the {121} plane, and g 1 = 0.07 and g 3 = 0.11 for the {220} plane. However, the positional disorder of the paracrystal lattice in the gyroid structure along the a 2 fundamental component vector is relatively large: g 2 = 0.20 for the {121} plane, and g 2 = 0.22 for the {220} plane. Moreover, the mean orientation angle ' with respect to the out-of-plane projection is 0.0 and its deviation ' is 0.0 , which means that the second-order orientation factor O s = 1.0. These results indicate that the block copolymer film gyroid structures are well developed with their {121} planes preferentially oriented parallel to the film plane and that these oriented gyroid structures are present randomly in the film plane.
We attempted to calculate the two-dimensional GIXS patterns using the GIXS formula with i = 0.21 and the structural parameters determined above. A two-dimensional GIXS pattern calculated for the diblock copolymer film is shown in Fig. 6(a) , and the full indexing of the diffraction spots due to the reflected and transmitted X-ray beams is given in Fig. 6(b) . The calculated two-dimensional GIXS pattern is in good agreement with the measured scattering pattern shown in Fig. 2 .
GIXS simulations were further conducted numerically for the gyroid structures in the film in order to understand the relationships between the structural parameters. Representative results are shown in Figs. 7 and 8 . Figs. 7(a) -7(c) show two-dimensional GIXS patterns that were simulated with i = 0.21 and the set of structure parameters determined above (Table 1) , and variation of the orientation factor O s in the range 0.0À1.0. Fig. 7(a) shows a two-dimensional GIXS pattern calculated for gyroid struc- Table 1 Structural parameters of the gyroid structure of PS-b-PI diblock copolymer, obtained by GIXS measurement and data analysis. Two-dimensional GIXS patterns simulated for the gyroid structures in the PS-b-PI diblock copolymer film using the GIXS formula: (a) twodimensional GIXS pattern; (b) indexing of the scattering spots in the twodimensional SAXS pattern (a), where the filled circles and open squares in red represent the scattering spots originated by the reflected X-ray beam and the filled circles and open squares in blue represent the scattering spots originated by the transmitted X-ray beam. This simulation was carried out with the structural parameters (listed in Table 1 ) obtained by analysing the GIXS data in Fig. 2 . In addition, this simulation employed some other structural parameters determined for the GIXS data analysis: 650 nm film thickness, 340 nm À3 film electron density and 699 nm À3 substrate electron density. The incidence angle i was 0.21 and the wavelength of the X-ray beam was 0.154 nm. represent the measured data, while the solid lines were obtained by fitting the data according to the GIXS formula. is defined with respect to a reference axis, the positive direction of the 2 f axis at f for the reflected X-ray beam ( f = 0.21 = i ), and then varies counterclockwise from the reference axis.
tures randomly oriented in a thin film. The calculated scattering pattern clearly contains Debye-Scherrer scattering rings; each ring links the diffraction spots from the same family of lattice planes with different orientations. The rings marked R1 and R2 are the scattering rings due to the reflected X-ray beam from the {121} and {220} planes, respectively, whereas the rings marked T1 and T2 are the scattering rings due to the transmitted X-ray beam from the {121} and {220} planes, respectively. The presence of these Debye-Scherrer scattering rings indicates that the orientation of the gyroid structures in the film is random. Fig. 7(b) shows a twodimensional GIXS pattern calculated for gyroid structures in the thin film with an orientation vector n that is preferentially oriented with ' = 5.0 along the out-of-plane of the film (i.e. O s = 0.989). This orientation of the gyroid structures leads to separate individual scattering spots from the Debye-Scherrer ring patterns originating from the {121} and {220} planes in the gyroid structure due to the reflected and transmitted X-ray beams. However, the scattering spots have a certain degree of broadness. The individual scattering spots become sharper as the angular distortion ' of the orientation vector n is reduced ( Figs. 7c and 8a) . These GIXS simulation results demonstrate that the two-dimensional GIXS pattern due to the gyroid structures developed in the diblock copolymer thin film is very sensitive to their orientation factor and its angular variations. Fig. 7(d ) shows a two-dimensional GIXS pattern simulated with the same set of structure parameters employed in the simulation of the scattering pattern in Fig. 7(c) , except that L = 20 nm rather than L = 14.5 nm. The positions and broadness of the individual scattering spots do not change as a result of the increase in L, but the spots do weaken in intensity. More simulated scattering profiles are shown for various L values in Fig. 8(b) . Two-dimensional GIXS patterns simulated for the gyroid structures in the PS-b-PI diblock copolymer film with various structural parameters using the GIXS formula: (a) scattering pattern simulated with the structural parameters in Table 1 except O s = 0.0 (i.e. random orientation); (b) scattering pattern simulated with the structural parameters in Table 1 except ' = 0.0 and ' = 5.0 (O s = 0.989); (c) scattering pattern simulated with the structural parameters in Table 1 (' = 0.0 , ' = 0.0 and O s = 1.0); (d ) scattering pattern simulated with the structural parameters in Table 1 except L = 20.0 nm; (e) scattering pattern simulated with the structural parameters in Table 1 except g 1 = 0.06, g 2 = 0.23 and g 3 = 0.14 for the {121} plane, and g 1 = 0.10, g 2 = 0.28 and g 3 = 0.15 for the {220} plane; ( f ) scattering pattern simulated with the structural parameters in Table 1 except g 1 = 0.02, g 2 = 0.10 and g 3 = 0.04 for the {121} plane, and g 1 = 0.05, g 2 = 0.12 and g 3 = 0.05 for the {220} plane. In these two-dimensional GIXS simulations, the incidence angle i was 0.21 , the lattice parameter was 58.7 nm, the wavelength of the X-ray beam was 0.154 nm, the electron densities of the film and the silicon substrate were 340 and 699.5 nm À3 , respectively, and the film thickness was 650 nm. Fig. 7(c) , except for variations in the positional distortion factor g. As can be seen in Fig. 7 (e) as well as in Figs. 8(c)-8(e), the scattering spots broaden and weaken in intensity as the g factor increases. In contrast, in Figs. 7( f) and 8(c)-8(e) the scattering spots sharpen and strengthen in intensity as the g factor decreases. As shown in Fig. 7( f) , this GIXS pattern also contains high-order scattering spots due to the {121} and {220} planes as well as scattering spots due to the other planes of the gyroid structure. These results confirm that the structural distortion factor significantly influences the scattering spots of the gyroid structure, including the first-and higher-order scattering spots, and their broadness and intensity.
Conclusions
We derived a GIXS formula for gyroid structures formed in nano-sized thin films supported on substrates. The derived scattering formula was used in the analysis of the twodimensional GIXS patterns obtained for PS-b-PI diblock copolymer thin films supported on silicon substrates. The quantitative analysis of the measured two-dimensional GIXS patterns using the derived formula was successfully demonstrated for the first time. Furthermore, a comprehensive numerical analysis using the derived formula was performed for the gyroid structures in thin films formed on substrates.
These GIXS data and numerical analyses provided details (lattice parameter, width of PS phase, positional distortion factor, orientation and orientation distribution) of the gyroid structures developed in the diblock copolymer thin films that are not easily obtained using conventional techniques. Moreover, complete and detailed two-dimensional GIXS patterns were simulated with the determined structure parameters. The GIXS technique is a very powerful tool for the unambiguous determination of the structural parameters and orientation of gyroid structures in thin films.
Figure 8
One-dimensional GIXS profiles with azimuthal angle along the scattering spots of the {121} plane of the gyroid structure in the PS-b-PI diblock copolymer film, which were simulated with changing structural parameters: (a) scattering profiles simulated with the structural parameters in Table 1 except with the ' value varied from 4.0 (O s = 0.993) to 2.0 (O s = 0.999), 1.0 (O s ' 1.0) and 0.0 (O s = 1.0); (b) scattering profiles simulated with the structural parameters in Table 1 except with the L value varied from 5.0 nm to 10.0, 15.0 and 20.0 nm; (c) scattering profiles simulated with the structural parameters in Table 1 except with the g 1 value varied from 0.01 to 0.05, 0.10 and 0.15; (d ) scattering profiles simulated with the structural parameters in Table 1 except with the g 2 value varied from 0.10 to 0.15, 0.20 and 0.25; (e) scattering profiles simulated with the structural parameters in Table 1 except with the g 3 value varied from 0.05 to 0.10, 0.15 and 0.20. In these two-dimensional GIXS simulations, the incidence angle i was 0.21 , the lattice parameter was 58.7 nm, the wavelength of the X-ray beam was 0.154 nm, the electron densities of the film and the silicon substrate were 340 and 699.5 nm À3 , respectively, and the film thickness was 650 nm.
